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ABSTRACT 

The u t i l i t y  of l iquid SO, for  the removal of organic su l fur  from 
several Eastern bituminous coals has been explored. Reactions were carried 
o u t  in sealed f r i t t e d  glass tubes a t  elevated temperatures; a f t e r  subse- 
quent washing, the coal was analyzed for  su l fur  content. Approximately 
40% of the organic su l fur  could be removed in these simple exploratory 
experiments. 
portion of the coal was extracted. The extract  from selected coals was 
characterized by thin-layer chromatography, by nmr  ( ' H  and 1 3 C )  and infrared 
spectroscopy, and by field-ionization mass spectrometry. For comparison, 
extractions with phenol a n d  p c r e s o l ,  under s imilar  conditions, were also 
examined. The resul ts  of these preliminary investigations warrant fur ther  
research to es tabl ish optimum conditions f o r  the removal of  su l fur  compounds 
from coal by treatment with l iquid SO2 and t o  f a c i l i t a t e  removal of residual 
SO2 from the coal. 

In addition, comminution of most of the coals occurred and  a 

I NTRO DUCT1 ON 

Sol vent extraction has been extensively used f o r  compositional 
characterization of coals. 1'2 Several exis t ing coal refining p r o c e s s e ~ ~ - ~  
use solvent treatment, along with pressurized hydrogen t o  f a c i l i t a t e  some 
degree of desulfurization. 
used t o  remove organic su l fur  compounds from petroleum on a commercial 
scale.6 The ab i l i ty  of l iquid SO2 t o  dis integrate  various coals has been 
exploited to  produce low-sulfur coal powders via release of  pyri te .7  
Utilization of l iquid SO2 treatment of coal for  the removal of organic 
su l fur ,  however, has not been investigated. In th i s  paper we report 
the  resul ts  of a se t  of preliminary experiments in which the  effectiveness 
of l iquid SO2 f o r  removal of organic sulfur  from bituminous coals PSOC 194, 
267, 270, and  319 was investigated. 

Treatment w i t h  1 i q u i d  SO, has been successfully 

EXPERIMENTAL 

Procedures for the manipulation and preparation of the su l fur  dioxide 
(Matheson, anhydrous) have been described previously. 
were obtained from the Coal Research Section, Pennsylvania State  University. 
All other  materials were of commercial or igin a n d  used as received. 

Coal samples 
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Reactions were c a r r i e d  out i n  b o r o s i l i c a t e  glass tubes f i t t e d  
w i t h  a mdium-poros i ty  f r i t t e d  glass f i l t e r  t o  p rov ide  two chambers o f  ca. 
20 mL capac i ty  each. l ass  tub ing  of- 
d i f f e r e n t  s izes :  one end pe rm i t ted  i n t r o d u c t i o n  o f  lump f ~ .  1 cm) coal  
and t h e  o the r  end f a c i l i t a t e d  easy sea l i ng  under vacuum. For reac t i ons  
a t  e leva ted  temperatures, these tubes were placed i n  a Par r  model 4641 
autoclave reac tor .  

sample (G. 5 g) sealed on one end, and thoroughly evacuated. 
d i s t i l l a t i o n  o f  s u l f u r  d iox ide  (s. 8 mL) i n t o  t h e  tube a t  -78"C, t h e  
reac t i on  tube was cooled t o  -196°C and sealed a t  t h e  o t h e r  end. Upon 
warming to room temperature, t he  tube, along w i t h  o thers ,  was p laced i n  
the  autoclave and t h e  autoclave was evacuated. The autoclave was then 
charged w i t h  g. 100 mL o f  l i q u i d  SO, t o  p rov ide  backing pressure f o r  t he  
reac t i on  tubes a t  e leva ted  temperatures, closed, and heated a t  z. 4"C/min 
t o  t h e  reac t ion  temperature. 
f o r  60 min, t h e  autoclave was cooled, depressurized, and opened. 
reac t i on  tube was then i n v e r t e d  i n  a c o l d  bath a t  -78°C t o  separate the  
l i q u i d  SO, from the  coal by f i l t e r a t i o n  v i a  the  i n t e r n a l  frit. The red  t o  
orange co lo red  l i q u i d  SO, s o l u t i o n  was frozen, t h e  tube was opened, the  
coal  was t r a n s f e r r e d  t o  another conta iner ,  and a l l  v o l a t i l e  ma te r ia l s  were 
a l lowed t o  evaporate over  a two hour per iod .  The viscous, o i l y  e x t r a c t  
remaining a f t e r  evapora t ion  o f  the l i q u i d  SO, was re ta ined  f o r  subsequent 
ana lys is .  
Buchner funnel w i t h  sequent ia l  a l i q u o t s  o f  d i s t i l l e d  water,  acetone, water, 
3.8 M n i t r i c  acid,  water,  and acetone u n t i l  no ye l low c o l o r  was observed i n  
each wash l i q u i d .  
I n  separate washing experiments w i t h  t h e  raw coals,  no ye l l ow  c o l o r  was 
observed i n  the wash l i q u i d s ;  subsequent s u l f u r  analyses o f  t he  coal 
i nd i ca ted  t h a t  on l y  i no rgan ic  s u l f u r  was removed from the  raw coal by t h i s  
wash procedure. 

For  comparison o f  t he  r e s u l t s  o f  these c o a l / l  i q u i d  SO2 experiments, 
two o the r  types o f  experiments were a l s o  run. Authent ic  samples o f  i r o n  
p y r i t e  were t r e a t e d  w i t h  l i q u i d  SO2 and l i q u i d  S0,/H20 mix tu res  a t  100°C 
us ing  procedures analogous t o  those descr ibed above; no apparent reac t i on  
occurred. 
and p-cresol  i n  s e a l x  tubes a t  181" and 2OOoC, respec t i ve l y .  
subsequently washed i n  a Buchner funnel w i t h  d i s t i l l e d  water  and acetone, 
d r i e d  a t  l l O ° C ,  and analyzed f o r  s u l f u r .  

A l l  s u l f u r  analyses, a t  l e a s t  i n  t r i p l i c a t e ,  were accomplished w i t h  a 
, F isher  m d e l  470 s u l f u r  analyser. 

on a Varian model MAT CH5 spectrometer w i t h  sample temperatures from 120"- 
280°C. The 'H and 1 3 C  nmr spectra w e r e  recorded on a JEOL FX9OQ Four ie r  
t rans form spectrometer f i t t e d  w i t h  a broadband probe and deuterium lock .  
Samples were i n  CDCl, s o l u t i o n  w i t h  i n t e r n a l  TMS reference. 
of t he  e x t r a c t  ( t h i n  f i l m  on NaCl p la tes )  were recorded on a Perkin E l m e r  
model 621 spectrometer. Th in - layer  chromatography o f  t h e  e x t r a c t  was 
c a r r i e d  ou t  w i t h  the  nmr sample so lu t i ons  us ing  s i l i c a  gel (S i -30)  p la tes .  
E l u t i o n  was accomplished w i t h  10% acetone/hexane, 30% acetone/hexane, and 
absolute e thano l ;  e i t h e r  I, vapor o r  phosphomolybdic a c i d  ( 5 %  w/v i n  ethanol)  
was used t o  develop t h e  p la tes .  

The chambers w e r e  te rmina ted  w i t h  

I n  a t y p i c a l  experiment, t h e  reac t i on  tube was charged w i t h  a coal  
A f t e r  

A f t e r  maintenance o f  t he  reac t i on  temperature 
Each 

The t r e a t e d  coal  was washed f o r  a n a l y t i c a l  purposes i n  a 

The coal  was then d r i e d  a t  110°C and analyzed f o r  s u l f u r .  

Samples (ca. 4 9) o f  PSOC 267 were t r e a t e d  w i t h  10 mL o f  phenol 
The coal  was 

F i e l d - i o n i z a t i o n  mass spectra were obtained 

I n f r a r e d  spectra 
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RESULTS AND DISCUSSION 

Precombustion d e s u l f u r i z a t i o n  o f  coal has been a t o p i c  o f  immense 
i n t e r e s t  and importancelO*ll s ince i t  o f f e r s  an a l t e r n a t i v e  t o  i n s t a l l a t i o n  
and opera t ion  o f  expensive post-combustion scrubbers f o r  conventional 
combustion systems. Although a v a r i e t y  o f  processes are ava i l ab le  f o r  
precombustion removal o f  inorgan ic  s u l f u r  compounds, p r a c t i c a l  procedures 
f o r  removal o f  cova len t l y  bound organic s u l f u r  are r e l a t i v e l y  uncommon. 
Thus, app l i ca t i on  o f  novel  chemical approaches t o  t h e  problem would appear 
t o  be appropr iate.  Ea r l y  reports12 o f  t h e  a b i l i t y  o f  l i q u i d  SO2 t o  
d i s in teg ra te  a v a r i e t y  o f  coals and t o  e x t r a c t  a p o r t i o n  o f  the  coal a long 
w i t h  our  previous experience w i t h  t h i s  so l ven t  suggested i n v e s t i g a t i o n  o f  
t h e  u t i l i t y  o f  l i q u i d  SO2 as a means o f  removing organic s u l f u r  from coal .  
If successful ,  such a procedure would u t i l i z e  a p o l l u t a n t  t o  remove t h e  
source o f  t h a t  p o l l u t a n t .  

L i q u i d  s u l f u r  d iox ide  i s  recognized as an e x c e l l e n t  so l ven t  f o r  
aromatic, he te rocyc l i c ,  and a l k y l  s u l f i d e s 8  which can be der ived  from 
coa1.1,2y13 As a l i q u i d ,  SO2 i s  n o t  e a s i l y  ox id i zed  o r  reduced and t h e  
adducts responsible f o r  i t s  so lvent  p roper t i es  are both thermal ly  and 
h y d r o l y t i c a l l y  l a b i l e ; 8  thus any contaminat ion o f  t h e  coal by res idua l  
s u l f u r  d iox ide  should be r e a d i l y  e l im ina ted .  Although o t h e r  i n t e r a c t i o n s  
and reac t ions  w i l l  be considered i n  f u t u r e  repor ts ,  on l y  reac t ions  based 
on the m i l d  Lewis a c i d  c h a r a c t e r i s t i c s  o f  l i q u i d  SO2 are o f  importance 
here. Thus, the  reac t i on  o f  s ign i f i cance  i s  summarized by Eq.1: 

I I 
-s :  .. f so2 -+ -?:SO2 ( 1 )  

Products from t h i s  reac t i on  are usua l l y  h i g h l y  co lo red  and h i g h l y  so lub le  
i n  l i q u i d  SO,.8 Physical  d i s i n t e g r a t i o n  o f  t h e  coal by l i q u i d  SO,, p robab ly  
v ia  s i m i l a r  donor-acceptor reac t ions  w i t h  aromat ic,  amine, and oxygen 
conta in ing  func t i ona l  groups, would serve t o  promote t h e  reac t i on  i n  Eq.1. 
I t  should be emphasized t h a t  f requen t l y ,  t h e  chemical p roper t i es  o f  l i q u i d  
SO2 can be s i g n i f i c a n t l y  a l t e r e d  by the  presence o f  cosolvents;8 o f ten ,  
undesirable s ide reac t ions  occur i n  such mixed media. 

The c h a r a c t e r i s t i c s  o f  t h e  bituminous coa ls  u t i l i z e d  i n  these 
p re l im ina ry  i nves t i ga t i ons  are given i n  Table I; our  s u l f u r  analyses are 
given i n  parentheses. 
s i g n i f i c a n t  amounts o f  o rgan ic  s u l f u r  b u t  l i t t l e  p y r i t i c  s u l f u r  which 
might confuse i n t e r p r e t a t i o n  o f  p re l im ina ry  resu l t s .  Our analyses o f  
PSOC 270 reveal  t h a t ,  a l though the  lumps i n  our  sample had t h e  composi t ion 
i nd i ca ted  i n  Table I, t h e  f i nes  i n  ou r  sample had a s u l f u r  content o f  
- ca. 6% w i t h  the add i t i ona l  s u l f u r  being p y r i t i c .  A l l  r e s u l t s  repor ted  here 
concern the  lump coal o f  PSOC 270. For comparison, PSOC 194 which conta ins  
both p y r i t i c  and organ ic  s u l f u r  and PSOC 319 which contains on ly  p y r i t i c  
s u l f u r  were a lso  examined. Use o f  t h e  f r i t t e d  glass reac t i on  tubes 
f a c i l i t a t e d  observat ion o f  reac t ions ,  i s o l a t i o n  o f  the  ex t rac ted  ma te r ia l ,  
and r a p i d  examination o f  several  coals and reac t i on  cond i t ions .  

The r e s u l t s  are summarized i n  Table 11. A t  room temperature, 
l i q u i d  SO2 r e a d i l y  wets each o f  t h e  coals and begins t o  develop a ye l l ow  
c o l o r  upon contac t .  The ye l l ow  c o l o r  becomes more in tense upon s tand ing  
and changes t o  intense orange o r  red-orange a f t e r  heat ing.  
i nd i ca tes  the  d i s s o l u t i o n  o f  donor-acceptor compounds formed between 
t h e  so lvent  and coal cons t i t uen ts ;  t h e  inc reas ing  i n t e n s i t y  accompanies 

PSOC 267 and 270 were chosen since they  conta in  

The c o l o r  
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an increasing concentration of these adducts. Disintegration of coal 
lumps was observed f o r  PSOC 267, 270, and 319; the extent of dis inte-  
gration increases progressively in the order l i s t e d .  Although lumps of 
PSOC 194 were not dis integrated,  close examination revealed appreciable 
swelling a n d  expansion along f issures .  
only mechanical agi ta t ion used d u r i n g  these experiments was a mild shaking 
of the tubes t o  i n i t i a l l y  mix the materials. 
appear t o  be an obvious pattern which links maceral content t o  degree of 
disintegration . 

Inspection of Table I1 reveals t h a t  s ignif icant  amounts of SO, are 
retained on the coal (Exp. 1 ) .  Effective removal of th i s  residual SO2 i s  
essent ia l .  
solutions were less  e f fec t ive  t h a n  the wash solution used in Exp. 2 .  When 
used alone, organic solvents are  more e f fec t ive  than mineral acid o r  base 
(compare Exp. 2 and 3 with Exp. 4 ,  5,  and 6 ) .  The u t i l i t y  of washing with 
the organic l iquids  f o r  removal of the yellow SO2 adducts increases in the 
order: hexane, benzenesCClpethano1, and acetone. A sequence of washes 
u s i n g  acetone, water, and  HN03 (Exp. 7) effect ively removes the residual 
SO, in most cases. Since the wash sequence was carr ied out during a 
f i l t e ra t ion  operation contact time with the HNO, was insuff ic ient  t o  
appreciably modify the coal material i t s e l f ;  separate wash experiments 
using the acetone, water, HN03 sequence with the raw coal (PSOC 267 a n d  270) 
i t s e l f  indicated t h a t  no appreciable mass change occurred and t h a t  no 
yellow materials were obtained under these wash conditions. Where pyrite 
i s  n o t  present, t h e  su l fur  content of the coal a f t e r  t h i s  wash sequence 
represents the organic su l fur  remaining in the coal a f t e r  the  l iquid SO2 
treatment. For PSOC 267 and 270, G. 37% and 25%, respectively, of the 
organic sulfur  can be removed by simple treatment of the  lump coal with 
l iquid Sop. Grinding the lump coal PSOC 270 (-60 mesh) improves the 
percentage organic s u l f u r  removal t o  g. 48%. Present resul ts  with coals 
containing pyrite are less  eas i ly  interpreted since the wash sequence 
probably does n o t  completely remove the pyri te .  Furthermore, in separate 
experiments with authentic pyri te  samples, i t  was demonstrated t h a t  neither 
l iquid SO2 nor l iqu id  S02/H,0 mixtures react with pyrite. 
where vir tual ly  a l l  t h e  su l fur  i s  pyr i t ic ,  the measured value of 1.6% 
sul fur  a f t e r  SO, treatment probably represents pyrite which i s  not removed 
in the wash sequence. For PSOC 194, the measured value of 2.1% su l fur  a f t e r  
l iquid SO2 treatment more t h a n  l ikely represents both unreacted organic 
and pyr i t ic  su l fur .  
the coal probably limited extraction o f  the organic su l fur  by the SO,. 

Extraction o f  powdered PSOC 267 with phenol and p-cresol resulted 
in 52% and 66%, respectively, remval of organic su l fur  compared to  37% 
by l iquid SO,. The resu l t s  of the extractions with phenol and p c r e s o l  
are similar to  those reported elsewhere for  other  coals. 

Although these resu l t s  with l iquid SO, a r e  n o t  a s  impressive 
as those with phenol and e-cresol ,  i t  has been demonstrated t h a t  organic 
Sulfur can be removed by extraction with l iqu id  SO,. I t  i s  also important 
to note that optimum conditions for  liquid SO2 extraction and f o r  residual 
So2 removal have as y e t  t o  be established. Furthermore, these preliminary 
resul ts  when compared with other  worker's r e s u l t s l 0  f o r  a variety of organic 
sol vents, are suf f ic ien t ly  encouraging t o  indicate t h a t  treatment with 
l iquid So2 should be investigated further. Experiments t o  define conditions 

I t  should be realized t h a t  the  

A t  th i s  stage, there does n o t  

Mild heating (110°C) and washing with water or aqueous detergent 

For PSOC 319, 

With PSOC 194, the fa i lure  of l iquid SO, to disintegrate 
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more c a r e f u l l y  and t o  i nves t i ga te  t h e  use o f  appropr ia te  reagents t h a t  
w i l l  enhance t h e  removal o f  s u l f u r  compounds f r o m  coal  by l i q u i d  SO2 
are underway. 

comprises 5-10% o f  the o r i g i n a l  coal .  
i n  chloroform, acetone, and concentrated HC1 ; t h i s  mater ia l  i s  on l y  p a r t i a l l y  
so lub le  i n  benzene and i s  i nso lub le  i n  hexane. 
p a r t i c u l a t e  matter,  observed t o  be i n  suspension i n  t h e  ch lo ro fo rm and 
acetone so lu t i ons  appears t o  resemble h igh  m l e c u l  a r  weight ma te r ia l  
ob ta ined by Larsen and Choudhury13 dur ing  t h e i r  i n v e s t i g a t i o n  o f  the  
ef fect iveness o f  coal depolymerizat ion reac t ions .  Although i t  i s  l i k e l y  
t h a t  l i q u i d  SOn under these cond i t ions  merely e x t r a c t s  lower mo lecu la r  
we igh t  mater ia l  a1 ready i n  t h e  coal ,  some small degree o f  depolymerizat ion 
cou ld  a1 so be occur r ing .  

was c a r r i e d  ou t  us ing  a ch lo ro fo rm s o l u t i o n  f o r  depos i t ion  and e l u t e d  w i t h  
Progress ive ly  more p o l a r  solvents;  long-wavelength UV i l l u m i n a t i o n  was used 
t o  observe f luorescence i n  the  samples. Although no d i s t i n c t  bands were 
developed upon e l u t i o n ,  three d e f i n i t e  f r a c t i o n s  t h a t  d i f f e r  by p o l a r i t y  
o f  cons t i tuents  were apparent on t h e  p la tes .  Several conclusions can be 
drawn from these TLC experiments. The complete sample contains e a s i l y  
ox id i zab le  func t ions .  A l l  a l k y l  f unc t i ons  are at tached t o  aromat ic 
residues. The l e s s  conjugated (b lue  f l uo rescen t )  f r a c t i o n  i s  l e s s  p o l a r  
than the more conjugated (orange f l uo rescen t )  f r a c t i o n .  A very p o l a r  
f r a c t i o n ,  n o t  t ranspor ted  by any e luen t  used, i s  even m r e  h i g h l y  conjugated 
( r e d  f luorescent ) .  
s t ruc tu res14 known t o  e x i s t  i n  coa ls  as we l l  as w i t h  the  spectroscopic 
measurements t o  be descr ibed nex t .  

PSOC 267 i s  i l l u s t r a t e d  i n  Fig. 1; t he  corresponding spectrum o f  t h e  e x t r a c t  
f r o m  PSOC 270 i s  s i m i l a r  i n  several  fea tures .  The molecular weight 
d i s t r i b u t i o n  i n  these spectra are no t  as broad nor  i s  t he  average molecu la r  
weight as h igh  as might have been expected.14 The presence o f  very f i n e l y  
d i v ided  p a r t i c u l a t e  mat te r ,  which presumably has h ighe r  molecular weight 
components t h a t  are n o t  v o l a t i l i z e d  under t h e  measurement condi t ions,  cou ld  
be responsible f o r  such observat ions.  The spec t ra  conta in  s t r i k i n g  pa t te rns  
i n  which the mass d i f f e rence  among major components i s  14 amu. These 
pa t te rns  suggest t h e  presence o f  a v a r i e t y  o f  CH2 con ta in ing  s t ruc tu res .  
I t  i s  tempt ing t o  assign another p a t t e r n  near m/e = 184 t o  dibenzothiophene 
s ince  i t  s t rong ly  resembles t h a t  ob ta ined w i t h  an au thent ic  dibenzothiophene 
sample. The lack  o f  h igh  reso lu t i on  mass spec t ra l  data, however, makes such 
an assignment pure specu la t ion  a t  t h i s  stage. 

The i n f r a r e d  spectrum o f  the  l i q u i d  SO2 e x t r a c t  o f  PSOC 267 (neat ,  
t h i n  f i l m )  i s  shown i n  Fig. 2. I t  i s  apparent t h a t  t h e  e x t r a c t  con ta ins  
0-H, N-H, aromat ic and a l i p h a t i c  C-H groups, a v a r i e t y  o f  s u b s t i t u t e d  aromatic 
s t ruc tu res ,  and probably ethers.  There i s  no evidence o f  e i t h e r  res idua l  
so2 o r  o f  o rgan ic  s t ruc tu res  con ta in ing  SO2 s u b s t i t u t i o n ;  no procedures o t h e r  
than evaporat ion o f  the l i q u i d  SOn under ambient cond i t ions  were used t o  
process t h i s  e x t r a c t .  

The mater ia l  ob ta ined by evaporat ion o f  t he  SO2 e x t r a c t i o n  l i q u i d  
Fbs t  o f  t h i s  o i l y  e x t r a c t  d isso lves  

Very f i n e l y  d i v ided  

Th in - layer  chromatography o f  t he  l i q u i d  SOn e x t r a c t  from PSOC 267 

These observat ions are cons is ten t  w i t h  the  types o f  

The f i e l d  i o n i z a t i o n  mass spectrum o f  t he  l i q u i d  SOn e x t r a c t  f rom 
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Proton and l 3 C  (p ro ton  no ise  decoupled) nmr spectra o f  t he  l i q u i d  
Q u a l i t a t i v e l y ,  t he  pro ton  SO2 e x t r a c t  of  PSOC 267 are shown i n  Fig. 3. 

spectrum resembles t h a t  o f  CS2 ex t rac ts  o f  o the r  bi tuminous coals as 
repor ted  by Retcofsky and Fr iede l  ;15 ou r  assignments fo l low those o f  
these workers. 
those with 2.0 <6<3.5 are assignable t o  benzy l i c  type  protons and those 
w i t h  6.9 < 6 <  8.8 are assignable t o  aromatic type protons; t h e  s igna l  
a t  6 G. 4.8 i s  a t t r i b u t e d  t o  pheno l ic  and a l c o h o l i c  type  protons. 
I n teg ra ted  i n t e n s i t i e s  p rov ide  the  f o l l o w i n g  d i s t r i b u t i o n  o f  protons: 
20.9% aromat ic,  1.9% -OH, 32.1% benzy l i c ,  and 45.1% o the r  a l k y l  types. 
I t  would appear t h a t  t h e  alkyl-H/aromatic-H r a t i o  i s  h ighe r  f o r  t h i s  e x t r a c t  
than f o r  CS2 e x t r a c t s  o f  bituminous coals w i t h  s i m i l a r  carbon conten t  
(84.6% C i n  PSOC 267). 

s t ruc tu res  found i n  t h e  l i q u i d  SO2 e x t r a c t  o f  PSOC 267 s ince  assignments are 
r e a d i l y  made by re fe rence t o  the work o f  F ischer  e t  a1.16 
common w i t h  bo th  SRC e x t r a c t s  and methylnaphthalene e x t r a c t s  o f  b i tuminous 
coal a re  found i n  t h e  l i q u i d  SO2 e x t r a c t .  The sharp s igna l  a t  14.1 ppm 
i s  assigned t o  te rmina l  methyl groups on a l i p h a t i c  s ide  chains, t h a t  a t  
19.8 ppm t o  unhindered a r y l i c  methyl groups, and those a t  22.7 and 31.9 ppm 
t o  a and 6 methylene carbons, respec t ive ly ,  on t e t r a l i n  type  s t ruc tu res .  
The sharp, dominant resonance a t  29.7 ppm i s  r e a d i l y  assigned t o  methylene 
carbons i n  Ar -CH2-CH2-Ar '  groups whereas t h e  weaker s igna ls  a t  32.6, 37.4, 
and 39.2 ppm are c h a r a c t e r i s t i c  o f  s i n g l e  methylene carbons b r i d g i n g  aromatic 
s t ruc tu res .  The broad, low f i e l d  band w i t h  a h ighe r  f i e l d  asymmetry i s  
t y p i c a l  o f  a composite o f  aromatic type carbons. I n d i v i d u a l  sharp s igna ls  
w i t h i n  t h i s  band correspond t o  a1 te rna te  po lynuc lear  aromatics t h a t  are 
p a r t i a l l y  subs t i t u ted .16  The apparent absence o f  s igna ls  a t  even lower  
f i e l d s  from carbon atoms w i t h o u t  p ro ton  subs t i t uen ts  i s  a t t r i b u t e d  t o  l ack  
o f  NOE enhancement f o r  these nuc le i .  

Thus t h e  l i q u i d  SO2 e x t r a c t  o f  PSOC 267 has been shown t o  conta in  
coal  cons t i t uen ts  s i m i l a r  t o  those ob ta ined by e x t r a c t i o n  w i t h  common organic 
solvents.  Although an abundance o f  a l k y l  groups (methyl and e s p e c i a l l y  
methylene) i s  found i n  the  carbon s t ruc tu res  as i l l u s t r a t e d  by the  i n f ra red ,  
1 3 C  nmr, and mass spectra,  i t  i s  no t  c l e a r  whether t h i s  i s  representa t ive  
of PSOC 267 composi t ion o r  i s  a consequence o f  t h e  p roper t i es  o f  l i q u i d  SO2. 
Less i s  known about t h e  composition o f  heteroatom compounds i n  t h e  e x t r a c t :  
OH, NH and probably e t h e r  groups are apparent b u t  ava i l ab le  spec t ra l  data 
do n o t  revea l  o t h e r  groups such as might be found i n  organic s u l f u r  
compounds. 
s u l f u r  con ta in ing  organ ic  s t ruc tu res  and re1  i a b l e  elemental  analyses were 
precluded by 1 ack o f  s u f f i c i e n t  mater ia l .  
of t h i s  e x t r a c t  may e v e n t u a l l y  provide clues concerning the a b i l i t y  o f  
l i q u i d  SO2 t o  remove organ ic  s u l f u r  compounds, such e f f o r t s  a re  t o  be 
ma de. 

can be used t o  remove organ ic  type  s u l f u r  compounds from bituminous coals 
and t h a t  t h e  l i q u i d  SO2 e x t r a c t  contains coa l  components s i m i l a r  t o  those 
found by e x t r a c t i o n  w i t h  o rgan ic  solvents.  The a b i l i t y  o f  l i q u i d  SO2 t o  
d i s in teg ra te  some coa ls  and t o  f r a c t u r e  o thers  has been confirmed. 
t o  opt imize t h e  removal o f  s u l f u r  compounds from coal  and t o  f a c i l i t a t e  
removal o f  r es idua l  SO2 f rom the  coal a re  under i nves t i ga t i on .  

The s igna ls  w i t h  6 ~ 1 . 8  are assignable t o  a l k y l  t ype  protons, 

The 1 3 C  nmr spectrum revea ls  f u r t h e r  d e t a i l  concerning the  types o f  

Features i n  

Unfor tunate ly ,  t h e  spectra ob ta ined a re  no t  s e n s i t i v e  t o  d i va len t  

Since b e t t e r  cha rac te r i za t i on  

I n  summary, p r e l i m i n a r y  experiments have demonstrated t h a t  l i q u i d  SO2 

Condi t ions 
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TABLE 1 .  C h a r a c t e r i s t i c s  of Bituminous Coals Treated w i t h  L i q u i d  SO2 

COAL (PSOC NO.) 

194 26 7 2 70 31 9 

Type 

O r i g i n  

Macerals ( % / v )  
V i  t r i n i  t e  
P. V i t r i n i t e  

M i  c r i n i  t e  

Fusi n i  t e  
S. F u s i n i t e  
Res i n i t e  

SDorini t e  

Elemental Analys is  (DAF) 
%C 

%H 
%N 
%0( d i f f )  

%S( t o t a l  ) 

organic  

p y r i  t i c  

s u l f a  ti c 

HVB 

OH 

73.3 

12.6 

3.3 
2.2 

2.3 
3.6 

1.8 

78.23 
5.56 

1.72 
10.97 

3.51 

1.26 
2.19 

0.07 

H VA H VA 

VA AL 

60.9 68.1 

5.3 3.2 
15.6 9.1 

8.7 8.6 

3.4 4.6 
1.5 0.8 
3.2 5.0 

84.63 83.34 
5.58 5.55 

2.53 1.74 
5.18 6.59 

2.08 2.77 
(1 .967)a (2.682)a 

2.01 2.70 
0.02 0.02 

0.05 0.05 

LV 

PA 

85.5 

4.2 
1 .o  
4 .3 
4.0 
0.0 

0.5 

86.49 

4.57 

1.61 
0.16 

7.17 

0.10 

7.00 

0.07 

aAnalyses done i n  t h i s  work. 
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TABLE 2. Experimental Results 

Sample Exp. React i on Organic 

Temp.( "C) Removed (PSOC No.) No. Wash %S S u l f u r  

2 70 

1 ump 
1 ump 

1 ump 

1 ump 

1 ump 
1 ump 
1 ump 

1 ump 

1 ump 
powder d 

26 7 

1 ump 
powder 
powder 

d 

d 

194 
1 ump 

31 4 
1 ump 

150 

150 
150 

150 

100 

100 
150 
100 

100 

75 

75 

180 
200 

100 

100 

1.5M NaOH,H20 

3M HC1 ,H20 

H20 .C6H6 

CC14 
ace tone 
mu1 t i p l e  b 

b 

b 
mu1 t i  p l  e 

mu1 t i p l  e 

b mu1 t i p l e  

H20 ,acetone 
H20 ,acetone 

b mu1 t i p l e  

b mu1 t i  p l  e 

5.756 

3.802 

3.522 

2.682 

2.602 
2.316 
2.005 

3.089 
1.992 

1.397 

1.241 

0.9394 
0.6580 

2.134 

1.584 

25% 

25% 

4 8% 

3 7% 

52% 
66% 

a. Fo r  l i q u i d  SO2 reac t i ons ,  60 min r e a c t i o n  t ime was used and f o r  o rgan ic  
so l ven t  reac t i ons ,  5 h r  was used. 

b. The m u l t i p l e  wash cons is ted  o f  t he  use o f  sequen t ia l  a l i q u o t s  o f  acetone, 
H20, 3.8 M HN03, H20, acetone (see t e x t ) .  

c. The S02/benzene s o l u t i o n  was s. 1: l  ( v o l ) .  
d. Lump coal was crushed and ground t o  -60 mesh. 
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FIGURE 3. Nuclear magnetic resonance spectra o f  the l iquid SO2 extract  o f  
coal PSOC 267 ( C D C 1 ,  ,solution, 5 mm tube). A . l 3 C  nmr spectrum, 
proton noise decoupled, 2000 pulses 8. 'H nmr spectrum, 10 pulses. 
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